Printed electronics, e.g. organic photo-voltaic, are usually produced by roll-to-roll printing. For this fast growing market no inline-measurement method for 2D-thickness-distributions after printing exists. In many cases layer-thicknesses are in the sub-μm-range, e.g.
Introduction
Printing and other large-area roll-to-roll (R2R)-compatible processes are emerging for cost-efficient mass manufacturing of electronics on large-area and flexible substrates such as plastic, paper, and fabrics. It can realize completely new types of applications and businesses, from disposable sensors, to simple "electronic" components and circuits, to large-area functional paper-like intelligent products, to smart packages, and hybrid media services [1, 2] .
One of the major challenges for the manufacturing of polymer and printed electronics is to control the layer properties more precisely than with conventional colour printing. For example, the performance of organic Thin Film Transistors is strongly affected by the thickness and uniformity of the dielectric layers [3] .
Without online thin film thickness measurements the real thickness of the R2R deposited layer can be measured only after the deposition process. While some devices in the market offer online thin-film measurement for R2R-processes only on a single spot there is no simple solution available for obtaining online a 2D-view of the thicknessdistribution. Only [4] aims at this task, but with much higher effort.
This paper presents the prototype of an imagingellipsometer developed for inline-thickness-control in R2R-production. It is based on stroboscopic polarizationmodulated illumination [5] . Different pictures of the samples illuminated with different polarizations allow the determination of sample-properties, especially in R2R-applications the thickness of a freshly printed layer. This paper is organized as follows. Section 2 gives a brief introduction to the field of ellipsometry with a special focus on stroboscopic (imaging)-ellipsometry. Section 3 is devoted to polarization modulation, which plays a key role in the chosen measurement technique. The implementation details of the prototype ellipsometer are discussed in Section 4 while Section 5 presents preliminary measurement results obtained with the device. Section 6 concludes the paper.
Stroboscopic ellipsometry
Ellipsometry is an optical measurement technique, based on measuring the change in the polarization state of light reflected by a sample [6] . With this information it is possible to derive sample properties such as the complex refractive index or the layer thickness of a thin film. For the latter case ellipsometry is especially interesting since it works in a contactless and hence non-destructive way, is applicable to a wide range of materials, and offers very high accuracy in the nanometer-range.
Basically ellipsometry measures the complex reflectance ratio (Equation (1)), where p and s denote the complex reflection coefficients of p-and s-polarized light. The direction of p-polarization is equal to the plane of incidence spanned by the incident and the reflected light beam, whereas the direction of s-polarization is perpendicular to this plane. It is common to express using an equivalent representation with the ellipsometric parameters and . = p s = tan (1) Since and are dependent on the angle of incidence (AOI) and the wavelength of the light beam as well as on the layer thickness of a certain material, thickness values can be derived via a suitable model of the sample.
While there are many different possibilities to perform ellipsometry, the proposed device is based on stroboscopic ellipsometry as suggested in [5] . This design does not need any mechanically moving parts and has a very high sampling rate compared to alternative solutions. Furthermore, and most important, it can be implemented as an imaging ellipsometer, which is not the case for the classical PEM based ellipsometry [7] . Figure 1 shows the basic structure of a stroboscopic ellipsometer. The key-component in this setup is the Photo-Elastic Modulator (PEM) or in our proposed solution a Single Crystal Photo-Elastic Modulator (SCPEM), which is discussed in more detail in Section 3. A PEM changes the polarization state of a (monochromatic) light beam in a periodic manner [8] . This means that if short light pulses (some 10 ns long) are passed through the PEM at certain points in time, it is possible to create a stroboscopic light source with an adjustable polarization.
As shown in Figure 1 
Note that these ratios are independent from the intensitydistribution of the illumination (a linear behaviour of the detector provided). Subsequently the ellipsometric parameters and are derived from 1 and 2 by the following equations.
= arctan
If a 2D camera is used as detector an imaging ellipsometer is obtained. In this case the ellipsometic parameters can be calculated for each pixel separately to obtain a two dimensional distribution of the layer thickness.
Polarization modulation
As mentioned above the key component of the proposed ellipsometer is a SCPEM. This is a piezoelectric crystal, excited on a resonance frequency, to modulate the polarization of light by its stress-induced birefringence (photoelastic effect) [9] . Its functionality is the same as that of a conventional PEM [10] , which is based on a glassblock excited by a piezo-element. However the SCPEM is much smaller and easier to produce. For visible and nearinfrared light a well suited material is LiTaO 3 . It shows no optical activity and can be transversely excited. (s) against vertical (p) polarization is then exactly +/− half of the wavelength . With proper timing also +/− quarter wavelength retardation is obtained, corresponding to left/right circular polarized light. By sending short light pulses (pulse duration ∼ 50 ns) at defined times through the SCPEM defined polarization-states can be excited. Compared to other devices to generate light with certain polarization (Liquid crystals, Pockel's cells, rotating polarizers, PEMs), the SCPEM is fast, small, robust, vibration-free, and cost-effective. Further it contains no moving parts and can be operated with low voltage (typically < 24 Vdc, depending on wavelength). Figure 3 shows the calculated course of current-and deformation-amplitude against the normalized frequency of the SCPEM for constant excitation-amplitude. Within the resonance width (full-width-half-maximum) measurement of the current can be used to determine and control the deformation-amplitude (which is proportional to the retardation-amplitude). Note that damping is increased by a factor > 10 in Figure 3 to ease distinguishing of the curves. Typical energy loss per cycle is 10
ing on the quality of the crystal-mount.
Outside of the range of resonance the crystal acts electrically as a capacitor, i.e. the phase shift of the resulting current against the driving voltage is 90 ∘ . At resonance current and deformation takes a significant maximum while at the slightly higher frequency of anti-resonance the current amplitude is extremely small (zero in case of a lossless device). The deformation (= movement of x-facet, typically some μm) amplitude in resonance is usually three or four orders of magnitude higher than the static deformation. The amplitude of the driving voltage is in the order of 10 V (directly proportional to the wavelength, which determines the retardation-amplitude), two orders lower than for electro-optic polarization-modulators. The frequency of a SCPEM depends mainly on its x-size. With dimensions 31.6 × 9 × 4 mm (x-, y-, z-size) the frequency of the x-oscillation is 83.3 kHz. Figure 4 shows the optics for the proposed stroboscopic imaging ellipsometer. It has a 300 mm long inspection line, which is a standard width of foils in production of printed electronics. The pulsed laser-light is first collimated with two cylinder lenses, to pass a polarizer (at 45 ∘ ) and the SCPEM, and then projected with aspheric leses on a line across the sample. The reflected light is imaged with a bi-telecentric objective (type: Thorlabs MVTC23013) on a 2D-sensor.
Proposed ellipsometer
In the analysis of the measured intensity values we do not use the ellipsometric parameters , , because this representation is only valid for pure polarization states, which here is not the case due to the incoherent superposition of forth-back-reflections in the foil. Our thickness models are instead based directly on the ratios 1 and 2 (Equations 2 and 3). Figure 5 shows the theoretical dependence of 1 for P3HT:PCBM (a widely used active material for OPV, i.e. organic photo-voltaic cells) on PET for wavelength 905 nm and AOI of 75 ∘ .
The modeling in Figure 5 was done with the software of the imaging-ellipsometer EP4 from the company Accurion. The red squares in the plot show measurements carried out on samples which were also measured by a profilometer of type Dektak. The deviations between measurement and model emerge in the principal difficulty to accurately print and measure thin layers on soft and non-flat substrates.
The oscillatory behaviour of 1 in Figure 5 demands a careful choice of wavelength to ensure that in the desired thickness-range (which is small for quality controlissues) no minimum or maximum occurs. In this case a linear regression function (dashed line in the figure) can be calculated, which models the (quasi) linear dependence of thickness on 1 in the range 200-260 nm. Equation (6) shows this relation.
[nm] = 230 − 400( 1 − 2.1) + ( 
Here one ratio is sufficient to determine the thickness, and 2 is not needed. If the thickness shifts to a range, where 1 shows an extremum then 2 (which is mostly also oscillatory but phase-shifted by 90 ∘ to 1 ) or another wavelength must be used. Further a no-layer-criterion is needed, i.e., if 1 is below a certain value (e.g. 2.0 for the above discussed range) then the thickness is set zero.
In practice, however, multiple layers may be below the layer of interest (e.g. for OPV the typical sequence is PET-ITO-PEDOT-P3HT:PCBM-Al [11] ) and the coefficients in the above linearisation will depend on the thickness of the other layers. If only one additional layer-thickness disturbs, than in favourable cases the use of both ratios might lead to a unique determination of both thickness values. It is more likely however that the thickness of the other layer(s) needs to be determined with separate measurements right after their printing to use this as an input for the calculation of the thickness of interest. So in reality the described imaging ellipsometer should be installed after every preceding printing step, even if only one layerthickness is critical.
Light source
Functional printing is often done on transparent foils (e.g. made from PET . . . Polyethylene terephthalate). This generates the important requirement for the light-source that its coherence length is short enough to avoid interference between forth-back-reflections in the foil. Otherwise the variance of the foil-thickness (typically 1% which leads for a typical foil-thickness around 100 μm to +/−1 μm-variations of thickness) would cover the thickness-changes of the printed layer. The proposed solution uses a pulsed laser-diode (type: SPL LL90-3 from OSRAM) with 3 stacked pn-junctions (emitting area 10 × 200 μm), emitting at = 905 nm up to 75 W peak-power with 50-100 ns-pulses with duty cycle 0.1%. The laserdiode is integrated on a common chip with capacitors and a MOSFET, such that for pulsing only an external MOSFETdriver is needed. Its spectral width is = 7 nm corresponding to a coherence length within a PET-foil of ∼ 30 μm (using = (2 2/ )( 2 / / ) with refractive index of PET = 1.7) while for a typical foil thickness of 120 μm the forth-back-path-length for AOI = 75
∘ (in the PET the AOI is 34.1 ∘ due to refraction) is 290 μm. With being shorter it is ensured that multiple reflections in the foil will add up incoherently, without influence of the foilthickness. In principle any laser-diode and even strong LEDs can be used. LEDs are interesting, when very short coherence lengths are required. However, most such lightsources on the market offer little pulsing capability or are not even specified for that. Figure 6 shows an overview of the control system of the ellipsometer. Every measurement is initiated by the PC via commands sent to the Field Programmable Gate Array (FPGA), which in turn triggers the laser-diode and the camera. The FPGA contains a simple microprocessor and some custom logic to efficiently and precisely track the crystal oscillation. This is a crucial task because in order to trigger the laser diode and generate the desired polarization states accurate information about the crystal movement is required. This information is extracted from the crystal-current signal (see Section 3). Typically 10-200 laser-pulses are needed for one image, depending on sample reflectance and power-settings of the laser-diode. The captured images are then automatically transferred to the PC, where further processing is taking place (remember that each measurement consists of two or four images). The sampling rate of the ellipsometer is in the range of 10-100 Hz depending on the used hardware and on the necessary accuracy. The spatial resolution depends on sample-and sensor-size and on the quality of the imagingoptics. The lateral resolution for a 250 mm wide sample is currently ∼ 0.25 mm in the middle and only ∼ 1 mm
Polarization/camera control
in the boundary region. The longitudinal resolution, currently around 1 mm, depends on the sampling rate, the speed of the foil and the width of the projected line (or the width in the picture used for the evaluation). Since a 2D camera is used to image a line the system could be improved by using a line camera instead.
Software
In order to operate the presented device and to view and analyse the acquired data a dedicated software has been developed. Figure 7 shows the user interface of this program in line measurement mode. As can be seen in the figure the main view is divided into three segments (A, B and C). Segment A shows the plot of a single measurement, i.e. the horizontal thickness distribution of one line across the web/foil (∼ 300 mm in width). As the system continuously acquires data it is able to combine these measurements into a 2D thickness distribution map of the scanned foil, which is shown in Segment B. Different thickness values are indicated by a range of colours taken from the colour map shown on the right side of this plot. Segment C allows to track the thickness of certain points (here camera pixel positions 90 and 250) on the foil over time i.e. the longitudinal thickness distribution. Furthermore the mean and variance of each of these data series is calculated and shown in the plot's legend. Figure 8 shows the processing steps involved in calculating the thickness along a line. First the region of interest is defined in images obtained from the camera (a). Here we have two shots with linear crossed polarization, i.e. the intensity maps of 45 and −45 . In these region the intensity is averaged in vertical directions. With these average intensities the ratio 1 is calculated (b). A simple mathematical relation (similar to Equation 6) leads to the desired thickness-distribution (c).
Besides the line measurement mode the ellipsometer also provides the possibility to perform 2D imaging (area mode). In this mode the ratios 1 and 2 and hence the thickness is calculated for each pixel individually to obtain a thickness map such as the one shown in Figure 9 .
The figure shows an area of 280 × 50 mm with stripes and a large area coatings with PEDOT. In the centre also smaller stripes can be identified. The darkness is proportional to the thickness. The area mode can be useful in cases where the foil does not move. Figure 10 shows the ellipsometer in a R2R-machine containing a 300 mm wide PET-foil with printed stripes of photo-active-material (P3HT-PCBM. . . widely used for organic photo-voltaics). The web-speed is around 1 m/s. Figure 11 shows the measurement result of this setup for the 8 stripes in the middle, where high resolution is obtained.
Measurement results
The accuracy of the measurement depends on many parameters (web speed, acquisition-time, layer-material, thickness-range) and is currently around 5% for a well calibrated system. The main error-sources are noise of the camera (type: Basler acA1300-60gmNIR, a low-cost industrial 8-bit CMOS-camera with 1280 × 1024 pixels), changing laser-intensity-distributions, and mechanical vibrations from the foil (in printing strong vibrations are caused by the fans in the dryer-units).
Similar results were achieved with PEDOT on PET,
where measurements on 40 nm-layers were performed (see Figures 8 and 9 ).
Conclusions and outlook
For inline-control of layer-thickness in printed electronics the proposed imaging-ellipsometer provides promising performance. It obtains a thickness-contour on a line across the sample on a length of up to 300 mm. However, good spatial resolution of 0.25 mm is currently only obtained within the central 100 mm. Thickness is measured with an accuracy in the range 2-10%, depending on the measurement-task. The acquisition rate is 10-100 Hz depending on the necessary acquisition-time. Figure 12 shows the most recent installation in an industrial printing line of type Click&Coat from the company Coatema. Here measurements on a pink colour were done. However, although this colour showed in principle very good measureability, the signal stability was very low due to the EMnoise from the motor-drivers printing machine. Further work will focus on the application on more materials, for which certainly the use of other wavelengths will be necessary. This must also include measurements on multiple-layer-systems. Other topics are machine-integration within limited space, realization of other inspection widths (both smaller and broader widths are interesting), higher resolution (i.e. improved imaging to obtain full resolution on a length of 300 mm), higher measurement velocity, and higher signal stability (with a low-noise camera and better shielding).
